ABSTRACT Background Palpitation is a common complaint in generalised anxiety disorder (GAD). Brain imaging studies have investigated the neural mechanism of heartbeat perception in healthy volunteers. This study explored the neuroanatomical differences of altered heartbeat perception in patients with GAD using structural MRI. Aims Based on the strong somatic-interoceptive symptoms in GAD, we explored the regional structural brain abnormalities involved in heartbeat perception in patients with GAD. Methods This study was applied to the a priori regions using neuroanatomical theories of heartbeat perception, including the insula, anterior cingulate cortex, supplementary motor area and prefrontal cortex. A total of 19 patients with GAD and 19 healthy control subjects were enrolled. We used the FMRIB Software Library voxel-based morphometry software for estimating the grey matter volume of these regions of interest and analysed the correlation between heartbeat perception sensitivity and the volume of abnormal grey matter. Results Patients with GAD showed a significantly decreased volume of grey matter in their left medial prefrontal cortex, right orbital frontal cortex and anterior cingulate cortex. The grey matter volume of the left medial prefrontal cortex negatively correlated with heartbeat perception sensitivity in patients with GAD. Conclusions It should be the first study that shows heartbeat perception is associated with brain structure in GAD. Our findings suggest that the frontal region may play an important role in aberrant heartbeat perception processing in patients with GAD, and this may be an underlying mechanism resulting in the abnormal cardiovascular complaints in GAD. This is hypothesised as a 'top-down' deficiency, especially in the medial prefrontal cortex. This will provide the foundation for a more targeted region for neuromodulation intervention in the future.
InTRoduCTIon
Generalised anxiety disorder (GAD) is a common, serious psychiatric condition, affecting about 2%-6% of the general population during their lifetime. 1 Patients with GAD may experience cardiovascular complaints such as a rapid heartbeat, palpitation and feeling of impending death. 2 They frequently seek treatment in primary and specialty healthcare settings resulting in substantial personal, societal and economic costs.
Generally, the most familiar signal from the cardiovascular system is a heartbeat, which is more easily felt than other bodily sensations. [3] [4] [5] [6] Schandry et al first used a mental tracking procedure to measure the heartbeat perception score (HPS) to assess the accuracy of heartbeat perception. 7 Previous study showed those patients with GAD that had greater cardiovascular symptoms also had higher levels of cardiac lability and a heightened sensitivity to bodily responses than nonanxious individuals. A review by Van der Does et al showed individuals with anxiety disorders perceived their heartbeat more accurately than healthy controls (HC). 8 Furthermore, interoceptive awareness was frequently used to assess their heartbeat perception, and previous neuroimaging studies have investigated the neural mechanism associated with heartbeat perception in healthy individuals. 9 Neuroimaging techniques have been applied to investigate the neural mechanism associated with heartbeat perception. Critchley et al measured regional brain activity using functional MRI (fMRI) during an interoceptive task and found that this activated the bilateral insular, somatomotor, parietal cortices and anterior cingulate cortices (ACC). 10 Pollatos et al investigated interoceptive awareness and feelings in healthy male subjects, and found that interoceptive awareness is related to enhanced activation in the insula, somatosensory cortices, ACC and prefrontal cortices. 11 Additionally, a study showed that the insula and ACC are critical for awareness of heartbeat sensations and helped mediate somatosensory afferents from the skin. 9 Critchley et al used voxel-based morphometry (VBM) to General Psychiatry Figure 1 The flow chart of the study. explore the relationship between the regional grey matter volume (GMV) and accuracy on the heartbeat detection task, and found GMV in the right anterior insula, orbitofrontal cortex (OFC) and midline cerebellum correlated with performance on the heartbeat detection task. 10 Several regions are associated with heartbeat perception, including the insula, ACC, supplementary motor area (SMA) and prefrontal cortices. However, all of these studies investigated a healthy population, and the function and structure of these regions are unclear in patients with GAD which have shown abnormal heartbeat perception.
Recently, several structural MRI studies have investigated the brain structure of patients with GAD. Moon et al showed that patients with GAD showed a significantly reduced GMV in their hippocampus, midbrain, thalamus, insula and superior temporal gyrus as compared with that in HCs. 12 However, another study by Strawn et al 13 found that adolescents with GAD had increased GMV in their right precuneus and right precentral gyrus but decreased GMV in their left orbital gyrus and posterior cingulate. In the most recent MRI studies involving patients with GAD, abnormal cortical thickness in the right hemisphere appears to be involved in the illness, but no significant alterations in cortical surface area and GMV were observed. 14 Maron and Nutt summarised the results of structural MRI studies and described the anatomical changes in the brain, particularly within regions related to anxiety neurocircuitry, including the prefrontal region. 15 As the findings of structural MRI in GAD are inconsistent, these findings combined with well-developed neuroanatomical theories of heartbeat perception in healthy individuals can confirm the regions of interest (insula, ACC, SMA and prefrontal cortex (PFC)). Therefore, we speculate the following hypotheses: (A) patients with GAD may show an altered GMV in the regions related to heartbeat perception; (B) these altered brain structures would significantly correlate with heartbeat perception as evaluated using a mental tracking procedure; (C) cardiovascular symptoms correlated with these abnormal brain regions in patients with GAD would be found.
SuBjeCTS And MeThodS Subjects
Nineteen subjects with GAD (6 males and 13 females) and 19 age and gender-matched HC subjects (7 males and 12 females) without any psychiatric illnesses were studied. GAD subjects were recruited from the outpatient clinic of the Shanghai Mental Health Center. HCs were recruited from among hospital staff and through advertisements. They received a small remuneration for their participation. One expert clinician (CL) confirmed the diagnoses based on the Diagnostic and Statistical Manual of Mental Disorders-Fourth Edition (DSM-IV) criteria for GAD 16 and the diagnoses were further checked by two research doctors (QH and LZ) using a Structured Clinical Interview from the DSM-IV Patient Edition (SCID-I/P). 17 Inclusion criteria were: (1) aged between 18 and 60 years; (2) a score on the Hamilton Anxiety Rating Scale (HAMA) 18 greater than 14, and a score on the Hamilton Depression Rating Scale (HAMD) 19 less than 14; and (3) have completed at least 6 years of primary education. Exclusion criteria were head trauma leading to a loss of consciousness, substance abuse or substance dependence disorder, contraindication to MR scanning and a history of other mental illnesses. The SCID Non-Patient Edition (SCID-I/NP) was administered to all HC subjects to exclude subjects with an axis I or axis II psychiatric disorder (figure 1).
Before their MRI examination, every participant completed questionnaires covering their demographic data and assessing their anxiety levels through a HAMA General Psychiatry and 17-question HAMD. HAMA is a clinician-administered scale that assesses anxiety symptoms through two subscales: the anxiety subscale and the somatic anxiety subscale. Item 9 reflects anxiety-related cardiovascular symptoms, and the severity of this is determined using a 5-point scale (0=not present, 4=severe). All participants signed a written informed consent form before study participation.
Methods
Altered heartbeat perception sensitivity mainly manifested in two aspects of the population with anxiety. 20 One was high levels of cardiovascular symptoms such as a rapid heartbeat or palpitation. Item 9 of the HAMA scale was used to evaluate the anxiety-related cardiovascular symptoms in this study. 18 The other was assessed using a behavioural measurement, such as the mental tracking paradigm.
Mental tracking paradigm
This paradigm has been developed and evaluated for the assessment of heartbeat perception. 21 It offers the most promising results in distinguishing clinical and nonclinical anxiety groups. All subjects were required to pay attention to their heartbeat and count their heartbeats silently. The number of heartbeats counted was then reported by the patients at the end of the experiment. During this period, a portable electrocardiograph was used to record the occurrence of R waves so that the exact number of heartbeats could be determined. The experiment was conducted three times, and counts were made at 26, 21 and 36 s randomly. After the entire experiment, data were calculated using the following formula. The HPS was used to measure the accuracy of heartbeat perception, with a full score of 1. Higher scores indicated a higher heartbeat perception level. 22
where P showed the HPS; 'i' was the number of times for the experiment; O was the actual number of times for the subjects' heartbeat during the experiment; and G was the number of heartbeats counted by the subjects during the experiment period.
MRI acquisition
For each participant, a 3D-T1 image was obtained with a 3 T Magnetom Trio Tim scanner (Siemens, Erlangen, Germany). Structural images were acquired using a magnetisation prepared rapid gradient echo sequence with the following parameters: echo time=2.46 ms, repetition time=1900 ms, field of view=240 mm×240 mm, flip angle 9°, bandwidth 140 Hz/pixel, acquisition matrix 256×256×192, voxel size 1×1×1 mm 3 .
MRI data preprocessing T1-weighted structural data were analysed with FSL-VBM V.1.1 (http:// fsl. fmrib. ox. ac. uk/ fsl/ fslwiki/ FSLVBM), an optimised VBM protocol 23 carried out with FSL tools. First, structural images were brain extracted and grey matter (GM) segmented before being non-linearly registered to the Montreal Neurological Institute (MNI) 152 standard space using non-linear registration. The resulting images were averaged and flipped along their x-axis to create leftright symmetry and a study-specific GM template. Second, all native GM images were non-linearly registered to this study-specific template and modulated to correct for local expansion due to the non-linear component of the spatial transformation. The modulated GM images were then smoothed with an isotropic Gaussian kernel with a sigma of 8 mm. In this study region of interests (ROI) included the ACC, bilateral insula, SMA and PFC, as they are associated with interoceptive awareness. These ROI masks were derived from the WFU-Pickatlas 24 and were created based on the Talairach Daemon in the MNI space.
Statistical analysis
To analyse the demographic and clinical characteristics, we used the Statistical Package for the Social Science V. 19 .0 (SPSS). A paired t-test was performed to evaluate the differences in age, educational level, HAMA, HAMD and HPS between patients with GAD and HCs. A Wilcoxon signed-rank test was used to compare sex. All significance levels were set at p<0.05.
A voxel-wise general linear model was applied using permutation-based non-parametric testing to build statistical maps (p<0.05) between patients with GAD and controls for VBM data. Significant clusters from these statistical maps were used in the small volume correction (SVC) analysis to restrict the comparisons to specific voxels of ROI. In the analyses, total GMVs, sex and age were considered as covariates.
To identify the association between structural abnormalities and heartbeat perception sensitivity, the average GMV in abnormal areas was extracted. The relationship between abnormal regions and heartbeat perception sensitivity was determined using the Spearman correlation analysis (p<0.05).
ReSulTS demographic and clinical characteristics
One subject with GAD and one healthy individual were excluded due to the insufficient quality of their MRI data. Eighteen patients with GAD and 18 HCs were analysed. In those patients with GAD, 13 used at least one type of medication, and five patients did not take any medicine. The patient group and control group had no significant differences in age, gender, educational level and HPS scores. There were significant differences in the HAMA and HAMD scores between patients with GAD and the control group (table 1).
Regional differences in GMV
In the SVC analysis, patients with GAD demonstrated a significantly decreased GMV in their left medial prefrontal cortex (MPFC), ACC and right OFC, as compared with those in HCs (table 2 and figure 2, corrected p<0.05).
Correlations between regional GMV and hPS
The GMV of the left MPFC was negatively correlated with HPS (r=−0.41, p=0.05) in patients with GAD ( figure 3) . However, in the control group, there was no significant relationship between the GMV of the left MPFC and HPS (r=−0.07, p=0.80). There was no significant relationship between the GMV of the ACC or right OFC and HPS in both groups.
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Correlations between regional GMV and cardiovascular symptoms
To examine the clinical relevance of our findings, exploratory correlation analyses were also conducted between the GMV of abnormal ROI and the patients' cardiovascular symptoms score. We found a significant association between the GMV of the left MPFC and cardiovascular symptoms in the GAD group (r=−0.57, p=0.01), which indicates that a smaller GMV of the MPFC reflects higher levels of cardiovascular anxiety.
dISCuSSIon
Main findings
This study had two main findings. First, the GMVs in the MPFC, ACC and OFC were significantly decreased in patients with GAD as compared with the HC group. The volume in the MPFC was seen to be related to heartbeat sensitivity in patients with GAD but not in the healthy population. 25 There are few studies that have examined the relationship between structural MRI and cardiac perception in the healthy population. To our knowledge, it should be the first study to explore the neural structures involved in processing enhanced cardiac perception in patients with GAD. Our results showed that heartbeat perception in patients with GAD mainly involved the left MPFC, ACC and right OFC, implicating an abnormal top-down control. There was a significant correlation between the GMV of the left MPFC and heartbeat perception sensitivity in GAD subjects as evaluated by behavioural measurement and cardiovascular symptoms. Hence, the MPFC brain region may significantly contribute to abnormal heartbeat-related information regulation processes in patients with GAD. This study aimed to explore the neuroanatomical evidence of abnormal heartbeat perception in patients with GAD. The brain regions found in this study are consistent with previous fMRI studies, which have shown abnormal activations in the PFC, OFC and ACC which help regulate emotion, such as fear generalisation and threat inhibition, worry and anxiety in patients with GAD. 26 27 Previous studies showed that the activation of the MPFC is decreased during emotional judgements, fear inhibition and the successful evaluation of threat and safety. Neuroimaging results in rats have explored the neurobiology mechanism underlying GAD and have shown a dysfunctional MPFC, inhibition of the OFC and amygdala hyperactivity during the processing of potentially threatening environmental information. 28 Furthermore, Kujawa et al's study showed that the activation of the ACC involved in the processing of threatening faces could predict the effects of treatment with selective serotonin reuptake inhibitors and cognitive-behavioural therapy in children and adolescents with anxiety disorder, 29 which suggests that characteristic functional abnormality of the ACC may exist in patients with GAD. Taken together, neuroanatomical evidence from this study and previous fMRI studies suggest that patients with GAD showed greater dysfunction in their emotional regulation and heartbeat perception in these three regions. However, no further analysis was performed to explore the relationship between emotional regulation and heartbeat perception in this study. These connections require further confirmation, and the mechanisms that may exist in patients with GAD should be explored in future studies, although a study of the normal population may indicate that there is a correlation between interoceptive judgements in the emotional assessment. Figure 2 Clusters that showed a significant difference between patients with generalised anxiety disorder (GAD) and controls. Recently, neuroimaging studies have investigated the neural mechanism associated with interoception in healthy individuals and have suggested the functional neural substrates active in interoceptive judgements are indeed the same as emotional assessments. Previous studies have shown that interoceptive awareness is related to neural activity in the insula, somatosensory cortices, ACC and prefrontal cortices. 30 31 The insula, a region involved in heartbeat perception processing circuits, 32 was not seen in this current study. Critchley et al found that the right anterior insula cortex was the most accurate in making timing discriminations that reflected the General Psychiatry heartbeat and that the extent of activity in this region correlates with self-rated body awareness. However, Critchley's studies used a healthy population. We cannot definitively conclude this, since it may also be a top-down abnormality, mainly in the PFC, not in the insular.
This study examined interoceptive awareness-related cortexes with an ROI-based method and revealed a reduction in the volume of the MPFC, ACC and OFC in patients with GAD. In line with our study, Shang et al performed a meta-analysis of the VBM studies done regarding anxiety disorder to estimate the differences between patients and controls in terms of clusters of significant GM. They found that the atrophy of the ventral ACC and medial PFC generated a dysfunctionally top-down control, which was the main reason for the occurrence of anxiety disorders. 33 However, the volumetric alterations in patients with GAD were inconsistent between the studies. Terlevic et al showed reduced hypothalamic volumes using a manually traced hypothalamus in patients with GAD, 34 and a decrease in hippocampal volumes was found in another study. Makovac et al 35 reported deficits of GMV in the supramarginal, precentral and bilaterally postcentral gyrus in patients with GAD. Liao et al 36 found significantly increased GMV of the right putamen in patients with GAD as compared with a healthy group. Moon and Jeong conducted a series of research and found significant volume reductions in the hippocampus, midbrain, thalamus, insula and superior temporal gyrus in patients with GAD. 37 The inconsistent results are possibly due to the different styles in evaluating GM volumetric alterations. Some studies focused on specific brain ROIs, and further analysis of the relationships between the ROI brain areas and clinical characters is needed. Others analysed GMV changes in the whole-brain region between patients with GAD and HCs using VBM. In this current study, we investigated regional GMV in patients with GAD and applied a priori region from well-developed neuroanatomical theories of heartbeat perception. We found abnormal perception in the left MPFC, ACC and right OFC, implicating a top-down control. Furthermore, there was a significant correlation between the GMV of the left MPFC and heartbeat perception sensitivity in patients with GAD, suggesting that MPFC constitutes a highly important structure in the pathogenesis of GAD, possibly via the mediation of interoceptive processes.
limitations This study has several potential limitations that should be considered. The sample size was less than the number needed to reach significance at a behavioural level. Although we found that an abnormal brain structure was related to interoceptive processing in patients with GAD, a larger sample is needed to test this conclusion. Previous research reported that the assessment of heartbeat perception in a solely behavioural or selfreporting questionnaire-based manner is not ideal, and indicated that heartbeat-evoked brain potentials (HEP), an electrocortical potential time locked to the cardiac R wave, might be a more objective quantitative assessment tool. 25 It was proposed to use HEP to evaluate heartbeat perception in future studies. Further limitations are that some patients with GAD received different treatments, which is a well-recognised issue in similar brain structure studies.
Implications
In summary, this is the first study to report decreased GMV in MPFC, ACC and OFC in patients with GAD, and that the changes in the MPFC are related to heartbeat sensitivity. These findings suggest that the frontal region may play an important role in aberrant heartbeat perception processing in patients with GAD, and this may be the mechanism underlying abnormal cardiovascular complaints associated with GAD. This is hypothesised as a 'top-down' deficiency, especially in the MPFC, which will provide the foundation for more targeted neuromodulation intervention regions in the future. The primary focus of this study was to evaluate the characteristic structural abnormalities in patients with GAD and find an abnormal brain structure related to interoceptive processing. However, functional imaging assessments were not used. Future studies should more comprehensively analyse this using both the structure and function of the brain. 
